A four-dimensional time-dependent tomographic algorithm, named Multi Instrument Data Analysis System (MIDAS), is used to image the equatorial and low-latitude ionosphere over the central-eastern sides of the Brazilian territory. From differential phase data obtained by a chain of ground-based GPS receiver the total electron content (TEC) is estimated and then, together with a modeled ionosphere from International Reference Ionosphere (IRI) model, the electron density distribution is reconstructed and the parameters of the F 2 -peak layer are accessed from the images. This paper presents the first study of ionospheric tomography using real dual-frequency data from the Brazilian Network for Continuous GPS Monitoring (RBMC). Ionospheric F 2 -peak electron density (N m F 2 ) accessed from the images are compared to concurrent measurements from three ionosondes installed across Brazil. One year of data during the solar maximum period from March/2001 to February/2002 is used to analyze the seasonal and hourly variation of the F 2 -layer peak density. The accuracy with which MIDAS images the electron density during geomagnetic quiet periods is investigated through its correlation and deviation with the ionosonde and IRI model data, respectively. The main aspects of the reconstruction results at the equatorial ionization anomaly (EIA) region over Brazil are highlighted and discussed.
Introduction
A relevant peculiarity of the ionosphere over the Brazilian sector is the fact that it comprises the magnetic equator, the inner edge of the northern crest of the equatorial ionization anomaly (EIA) and beyond the southern anomaly crest. The EIA, characterized for two crests in the ionospheric F-region plasma density at either side of the magnetic dip equator (around ∼15
• -20 • ), is one of the most studied phenomena, and the understanding of its morphology and variability is of great interest to improve regional ionospheric models. In fact, the equatorial anomaly can be considered the most significant feature of the tropical ionosphere. The EIA crests are the result of the so called 'fountain effect', where plasma is moved upward at the dip equator owing to the electrodynamic E×B drift and then diffuses downward along the magnetic field lines to higher latitudes (see e.g. Kelley, 2009 and references cited therein). The equatorial anomaly is primarily a daytime structure which starts to develop after sunrise and reaches a maximum at around 14:00 local time (LT). However, a resurgence of the anomaly crests can often be found during post-sunset hours as a consequence of the large enhancement of the F-region vertical drift (also known as electric field pre-reversal enhancement) and the rapid uplift of the ionosphere.
The electron density is considered the most important parameter to study the behavior of the equatorial anomaly. Ground-based ionospheric radio soundings and rockets are examples of instruments widely used to monitor the ionospheric electron density (see e.g. Abdu et al., 1990; Walker et al., 1991) . Recently, with the availability of a significant amount of data sets from Global Navigation Satellite Systems (GNSS), integrated measurements of electron density, also known as total electron content (TEC), have also revealed important features of the equatorial anomaly. TEC measurements have been obtained from ground-based receivers specially developed to detect the signals transmitted by such satellite systems (Davies and Hartmann, 1997) . For example, one of the main sources for most experimental measurements of TEC has been obtained from regional networks of Global Positioning System (GPS) receivers. Basically, the receivers measure the resultant phase and group delays of the transmitted L-band signals from different satellite passes, and then combine the data sets in an algorithm to yield values of equivalent vertical total electron content (Kersley et al., 2004) . The maximum contribution for TEC comes from the F 2 -layer, where approximately 60% are from those regions above the height of F 2 -peak density (N max ) (Mendillo, 2006) . The TEC measurements can be represented individually for single stations as well as organized into two-dimensional vertical TEC maps, which provide electron density distribution over a regional or global basis. The vertical TEC maps are examples of product routinely available in real-time on the internet from several agencies, which allow investigate the spatial distribution and the horizontal structuring of the ionospheric electron density (see for example Jet Propulsion Laboratory (JPL) global maps of TEC at http://iono.jpl.nasa.gov/; Centre for Orbit Determination at Europe (CODE) global ionosphere maps at http://aiuws.unibe.ch/ionosphere/; National Oceanic and Atmospheric Administration (NOAA) Space Weather Prediction Center regional maps of TEC over USA at http://www.swpc.noaa.gov/ustec; and World Data Center regional maps over Japan at http://wdc.nict.go.jp/IONO.contents/E011 TECmap.html).
In order to investigate the latitudinal structure of the ionization in the equatorial anomaly region on both short and long timescales, and its alignment with the geomagnetic field and other vertical dynamical changes, measurements of TEC have also been used in a varied number of ionospheric tomographic imaging techniques (see e.g. reviews by Leitinger, 1996; Pryse, 2003; Kersley, 2005; Bust and Mitchell, 2008) . In ionospheric tomography the TEC data are analyzed and, subsequently, inverted using a mathematical reconstruction algorithm that yields three-dimensional images of electron density throughout the regions of the satellite-to-ground ray-path intersections. At equatorial and low latitudes ionospheric imaging technique has provided relevant information on the vertical structure of the electron density, its temporal variation and how it is lifted up and transported to other regions. Moreover, tomographic imaging has been applied at different longitude sectors and contributed significantly in the understanding of the ionospheric dynamics in the equatorial anomaly region, its seasonal and day-to-day variability and response under different geomagnetic conditions (Huang et al., 1997; Andreeva et al., 2000; Kunitsyn et al., 2003; Thampi et al., 2004) . In the South-American sector the first attempt to reconstruct the ionosphere by using tomographic inversion technique is due to Pakula et al. (1994) . In the Brazilian sector a simulation study of tomographic imaging of the equatorial anomaly was presented for the first time by Materassi and Mitchell (2005a) . More recently, Muella et al. (2009 Muella et al. ( , 2010 used experimental results of tomographically reconstructed images to evaluate the ionospheric electron density gradients over Brazil.
TEC database from the existing Brazilian ground-based GPS network have been used to investigate the spatialtemporal variability of TEC. However, in terms of tomographic reconstruction it has not been demonstrated whether the placement of the ground station receivers is adequate for the resolution imaging of the ionospheric Flayer peak electron density. A proper knowledge of the electron density horizontal and vertical structuring at equatorial and low latitudes is crucial for current communication/navigation systems, and the access to such information is relevant for the technical and scientific communities working in the mitigation of positioning errors on GNSS-based applications. This paper is organized as follows: Section 2 presents the Brazilian GPS receiver network from where the collected data were used in this study. Section 3 describes the experiment and methodology. Next, in Section 4, we present and discuss the results of tomographic reconstruction from the existed ground-based GPS receiver network. Finally, we present in Section 5 the concluding remarks.
The Brazilian Dual-Frequency GPS Receiver Network
The Brazilian Network for Continuous GPS Monitoring (RBMC) was established in 1996 by the Brazilian Institute of Geography and Statistics (IBGE) as the first active geodetic control in South America. From its first configuration of nine stations, the Brazilian network of dual-frequency GPS receivers has actually grown to about 50 receivers in operation, and is expected to attain about 70 in the next solar maximum (year 2013 Figure 1 shows the location of the RBMC GPS stations (yellow triangles) installed in Brazil during the observation period presented here.
The GPS network over Brazil provides a unique opportunity to study the behavior of the ionosphere by observing the spatial and temporal distribution of TEC in the region between the dip equator and the equatorial anomaly. In the present report we explore the capability for imaging the equatorial anomaly region over Brazil in order to investigate, for the first time, whether the tomographic reconstruction approach can be used routinely as complement to ionosonde monitoring. Digital ionosonde F 2 -peak density parameter is used to validate the ionospheric reconstructions generated by the four-dimensional inversion algorithm used here.
Data and Method
In ionospheric radiotomography it has been demonstrated in previous studies that an uneven distribution of ground-based receivers leads to a low number of information content of the dataset which limit the accuracy to monitoring large-scale horizontal ionization structures, and therefore, the resolution images of electron density and TEC can be severely impacted (Na et al., 1995; Zapfe et al., 2006; Muella et al., 2010) . For this reason, in the present work a region with a denser and more evenly distributed configuration of receivers was chosen for the measurement of equivalent vertical TEC and application of tomographic reconstruction. According to the studies of Materassi and Mitchell (2005a) and Zapfe et al. (2006) , this is considered the region of low maximum absolute TEC error (∼25% due to data sparsity) and is represented in Fig. 1 by the area within the white rectangle. This region covers the geographic longitude region of 35
• -60
• W and the geographic latitude of 0
• -35 • S. In the present work we used a four-dimensional timedependent inversion algorithm developed by researchers from the University of Bath (UK) and named as MultiInstrument Data Analysis System (MIDAS). The use of the MIDAS algorithm can be found in recent works for different latitudes and longitudinal sectors (see for example, Cilliers et al., 2004; Dear and Mitchell, 2007) . The GPS navigation and observation data from RBMC/IBGE receivers were acquired at sampling intervals of 15 sec and used as input to the MIDAS tomographic algorithm. Precise orbit files were obtained from IGS/JPL home pages at http://igscb.jpl.nasa.gov/CORS/Gpscal.html and also used as input to the MIDAS system. The program computes the slant TEC along the ray paths of all satellites visible from the set of dual-frequency GPS receivers. Each set of slant TEC data are combined into the MIDAS algorithm to perform four-dimensional constrained inversion of electron density images. The solution can be constrained in any way and here is done using a priori information from the International Reference Ionosphere (IRI-2001) model (Bilitza, 2001) , where the sample space of solutions of electron density is defined by a combination of empirical orthogonal functions (EOFs). The choice of orthonormal basis functions is critical in the determination of the final solution ; here this is limited in the vertical profile shape by the IRI-2001 model. The unknown electron density is represented by a linear combination of orthogonal vertical profiles (modeled) obtained using singular value decomposition, horizontally modulated by spherical harmonics (whose coefficients are linearly dependent on time). The number of EOF bases (latitudinal and longitudinal harmonics) used in the modeling of the vertical distribution of electron density followed the recommendations given by Zapfe et al. (2006) . Three EOFs were used in the present analysis. A complete outlining of the main steps of the tomographic reconstruction from MIDAS can be found in the works of Mitchell and Spencer (2003) and Materassi and Mitchell (2005b) , and therefore the full mathematical description of the method will not be repeated here. Timeevolving images of electron density within the geographical region depicted in Fig. 1 were reconstructed by the MIDAS algorithm in intervals of 1 h.
The resulting images ranged from 80 km to 1080 km in altitude and were generated using a grid of 0.5
• latitude by 2
• longitude and 20 km altitude. It should be noted that this is not the resolution of the image; rather it is the discretisation. The resolution is defined by the wavelengths of the harmonics and the EOFs profiles. The EOFs are particularly relevant here because they limit the range of scale that is possible in the reconstructed image which will have subsequent effects in the value of the electron density at the F-layer peak. The top height of 1080 km of the reconstruction grid was chosen to minimize the contribution of the plasmasphere. From the GPS-reconstructed images the quantity assessed was the maximum electron density at the F-layer peak height (N max • S). The location of these three ionosonde stations is indicated as white stars in Fig. 1 . The ionospheric parameter scaled from the ionograms recorded by the ionosondes, and used to test the accuracy of the tomographic images, was the peak electron density (N m F 2 ) (computed from the critical frequency of the F 2 -layer ( f o F 2 )). The main objective here is to analyze the regions of validity of the electron density reconstructed over Brazil from the GPS-based MI-DAS tomographic algorithm. Such results will determine the feasibility and confidence of the technique for the existing receiver configuration and what improvements to expect in subsequent research during the next solar maximum active period. The analysis during solar maximum is important because this is the epoch when the ionosphere is denser and ticker at the equatorial anomaly crests surrounding the magnetic equator.
Results and Discussions
Figure 2 shows two-dimensional (geog. latitudelongitude) sliced maps of equivalent vertical TEC and two-dimensional (latitude-altitude) reconstructed electron density images. The vertical TEC values were obtained by applying a geometrical correction on the slant TEC and assuming an ionospheric shell at 400 km. We have chosen a day during the June solstice (local winter) and December solstice (local summer) months which represents closely the mean ionospheric and geomagnetic (quiet) conditions during the period analyzed. The vertical TEC and reconstructed electron density plots in Fig. 2 are shown at 12:00, 19:00 and 23:00 UT (BST = UT − 3 h). For both seasons it is clearly noticed from the images in Fig. 2 evidences of the EIA, with the southern crest reconstructed particularly well. The daily variation in TEC is apparent at the three specific hours during both the winter (01 July, 2001) and summer (25 February, 2002) cases. After sunrise an enhancement is seen in TEC at 12:00 UT (09:00 BST) during both the days. At 19:00 UT (16:00 BST) large values of vertical TEC is found around 10
• S on July 1 and between 10
• -15
• S on February 25. At 23:00 UT (20:00 BST) the largest values are seen around 15
• S on July 1 and 20
• S on February 25. The cross-sectional images of reconstructed electron density (at 45
• W) in Fig. 2 reveal spatial structures which are in accordance with that observed in the TEC plots. Due to production of ionization an enhancement in the electron concentration is seen around 12:00 UT with maximum N e ≈ 12 × 10 11 m −3 on July 1 and 22 × 10 11 m −3 on February 25. The electron density grows up to about 17 × 10 11 m −3 at 19:00 UT on July 1, whereas on February 25 it is ∼35 × 10 11 m −3 between about 6
• S at 19:00 UT. At 23:00 UT the enhancement (N e ≈ 13 × 10 11 m −3 ) migrates to more southern latitudes up to about 15
• S on July 1 and attains ∼35 × 10 11 m −3 up to about 20 • S on February 25. The high values of TEC and electron density at 19:00 and 23:00 UT are related, respectively, to the physical structures of the diurnal EIA and its resurgence after sunset. The seasonal effects on the spatial distribution and magnitude of the electron density is also evidenced in the images, for which on February 25 (local summer) the electron density is larger and the southern crest extends to a much wider latitude range over Brazil than on July 1 (local winter). The graphs in Fig. 2 reveal that the spatial features of the equatorial anomaly can be investigated over part of the Brazilian tropical region by using ionospheric tomography technique.
In order to check the potential accuracy of the tomographic algorithm in reconstructing the electron density, by using real TEC data obtained from the Brazilian network of dual-frequency GPS receivers, Fig. 3 shows mass plots of the ionospheric F-layer peak electron density (N m F 2 ). The upper and bottom panels in Fig. 3 present, respectively, the daily variations during different seasonal periods of the ionosonde-derived parameter and those assessed from the GPS ionospheric tomographic reconstructions. The three seasonal groups represented here are March-April/September-October (Equinox), May-August (June Solstice) and November-February (December solstice). The plots are shown for the three stations used in this study: São Luís, Fortaleza and Cachoeira Paulista (hereafter referred as SL, FZ and CP, respectively). The thick black lines in these plots denote the hourly mean values and the dashed gray lines the daily measurements (top panels) or reconstructions (bottom panels) of the N m F 2 parameter.
By analyzing in Fig. 3 the measured and the tomographically reconstructed N m F 2 it is seen for the grid points of the equatorial stations of SL and FZ that the GPSreconstructed values are in general close to those measured by the ionosondes between 00:00-12:00 UT (nighttime and early morning in the Brazilian longitudinal sector). On the other hand, at the low-latitude of CP the reconstructed values tend to be lower than the ionosondederived values before 06:00 UT (03:00 BST) and after 21:00 UT (18:00 BST). After 12:00 UT (09:00 BST) and until close the pre-dusk hours (∼21:00 UT) the MIDAS F 2 -peak densities seem to be overestimated in relation to the ionosonde-derived values of N m F 2 for the sites of SL and FZ. Over CP the agreement is better after 06:00 UT during Equinox months (Mar-Apr/Sep-Oct) but depending on hour the GPS-reconstructed values may be larger than the ionosonde measurements. Otherwise, during the June (May-Aug) and December solstice (Nov-Feb) months the tomographic reconstructed values during daytime (after 09:00 UT and before 21:00 UT) are, respectively, underestimated and overestimated in relation to the ionosonde F 2 -peak densities. A comparison between ionosonde and MI-DAS N m F 2 for SL, FZ and CP are also presented in Table 1 . The correlation coefficients (R) and the slopes (m) of the fitted lines of the F 2 -layer peak density are summarized in this timation for the equatorial stations coincides with the fact that such sites are located close to the edges of the reconstructed area where the images may be adversely affected. For the low latitude station of CP the correlation is the highest during June solstice months but during the December solstice the two N m F 2 are poorly correlated. In an opposite way of that observed for the equatorial stations, for CP the slopes being less than one reveal that MIDAS underestimates the N m F 2 in the region of the EIA crest. The most significant underestimation in the reconstructed peak electron density (of ∼41%) also occurred during the December solstice season. The information about tomographic reconstruction of electron density becomes more problematic in a highly dynamic ionosphere, such as the equatorial anomaly region where the ionospheric gradients are large. The largest density gradients are found to occur in an environment of increased background electron density, such as the regions adjacent to the crests of the EIA. Moreover, the pattern of electron density variations at latitudes of the EIA are directly associated with the variability of the fountain effect. Therefore during December solstice months the density gradients are steeper owing to the enhanced fountain effect. Thus, is plausible that the discrepancies between the GPS-reconstructed (MIDAS) and ionosonde-derived N m F 2 are more significant during the December solstice than the other seasons. The panels in Fig. 4 show a comparison of the ionosondederived and the GPS-reconstructed seasonal averaged N m F 2 with the modeled (used here the IRI-2007 model outputs) F 2 -peak density for the three stations; SL (top panel), FZ (middle panel) and CP (bottom panel). In Table 2 the deviation percentage of the GPS-reconstructed and ionosondederived N m F 2 with respect to the IRI-2007 model are summarized. It is imperative to mention that to form the vertical domain of the GPS reconstructions into MIDAS was used the IRI-2001 model, whereas in Fig. 4 the comparisons are made with outputs of the newer IRI-2007 model, whose updates are mostly significant for the topside ionosphere (Bilitza and Reinisch, 2008) . The graphs in Fig. 4 and Table 2 reveal distinguishing features for the three stations. In SL it is noted for all seasons that the IRI model N m F 2 during daytime (mainly between 12:00 and 21:00 UT) is lower than the GPS-reconstructed values, but is in good agreement with the ionosonde-derived peak electron densities (as also reported in the work of Batista and Abdu (2004)), except during the Equinox when it is underestimated in about 11%. In the nighttime (from 00:00 to 06:00 UT) the mostly marked difference occurred during the June solstice months when IRI estimation was larger than the GPS-reconstructed and ionosonde-derived F 2 -peak densities at both SL and FZ. In FZ the daytime and nighttime features are almost the same of that observed in SL with respect to the GPS-reconstructed N m F 2 . However, the deviations in FZ are ∼8-12% lower during daytime and ∼8-12% larger during nighttime than for the equatorial site of SL. In comparison with the ionosonde-derived values the IRI model N m F 2 is somewhat lower (∼8%) in nighttime (from 00:00 to 06:00 UT) during the December solstice months. For the low-latitude station of CP it is noted that the IRI model N m F 2 are underestimated in relation to the ionosonde-derived values during nighttime of the Equinox and December solstice months. With respect to the GPS-reconstructed values the most significant disagreement at CP occurred during the December solstice when the IRI estimations seem to be underestimated. During the June solstice the IRI model N m F 2 at CP is systematically larger than the ionosonde-derived (between about ∼27-35%) and the GPS-reconstructed (>42%) F 2 -peak electron densities.
Discrepancies with the GPS-reconstructed values can in part be explained by the fact that tomographic imaging using ground-based GPS data has a limited viewing angle of the line-integrated satellite-receiver path (Cilliers et al., 2004; Dear and Mitchell, 2007) . Thus it is possible that the IRI-2001 density profiles used here to constrain the inversions are not distributing the electron density correctly over the imaging area investigated (as depicted in Fig. 1 ). In addition, as the reconstructions at the centre of the 1-h window were used in the analysis, it is possible that for certain hours the averaging in the GPS-derived data have missed the increases and decreases in N m F 2 . Moreover, as reported by Na et al. (1995) , the ground station number and spacing are crucial in ionospheric tomography. Ideally, the groundbased receivers should be evenly distributed as to produce uniform projections from propagations paths covering the imaging region. However, the distribution of receivers used in this work can be considered to have a major impact in the reliability of the images, once that the accuracy in the reconstructions is directly associated to the amount of information that has been measured from the vertical profiles. It basically means that in our solution, depending on location, the electron density profile is probably falling back onto the constraint that we put in.
Remarks and Conclusions
In this study the main ionospheric parameter of F 2 -peak electron density (N m F 2 ) obtained from 4-D tomographic inversion of GPS-based TEC, by means of the Brazilian Network for Continuous GPS Monitoring, was compared for the first time with concurrent measurements of ionograms recorded at stations located close to the magnetic equator and under the southern crest of the EIA (in the centraleastern side of Brazil). The results revealed that for the scenario of existing ground-based GPS receivers, the GPSreconstructed values from MIDAS compared well with the ionograms and delivered high correlations, between 83% and 98%. The only exception occurred for the low latitude station of CP (close to the crest of the EIA) during the December solstice months. For the equatorial stations (SL and FZ) and mainly during Equinox and December solstice months MIDAS tend to overestimate N m F 2 , whereas at latitudes of the anomaly crest (over CP) MIDAS consistently underestimated N m F 2 . The best agreement between the MIDAS-reconstructed and the ionosonde-derived N m F 2 occurred for all stations during June solstice months. This paper has also demonstrated that the agreement between the GPS-reconstructed and the ionosonde-derived electron density for the equatorial stations is better in nighttime for all seasons, while at latitudes of the anomaly crest the agreement is better during daytime. The tomographic imaging of the ionosphere over Brazil with the existing ground-based GPS receivers revealed to be much more adequate in imaging the horizontal positions of the southern anomaly crest, but there exist some limitation in terms of its vertical resolution. Such differences between the GPSderived and the ionosonde-derived values can be attributed to the basis function used, which may not be exactly replicating the vertical structure of the ionosphere, and also due to the unevenly distribution of the GPS receivers. For the former a solution is to implement a method to improve the basis set of vertical profiles by including into MIDAS algorithm, for example, real ionosonde, radio-occultation or Communication/Navigation Outage Forecasting System (C/NOFS) data. This solution with ionosonde data included has been demonstrated by Dear and Mitchell (2007) , at least for mid-latitudes, to produce better peak electron density values without affecting the accuracy in vertical TEC representation. For the latter the solution is to increase the number and density of GPS receivers within the area of reconstruction, which will be throughout the next solar maximum years more than twice the present configuration. A further improvement could also arise from the assimilation of in situ data from the DMSP spacecraft (Pokhotelov et al., 2008) . The augmentation of the tomographic reconstructions with these modifications is expected to improve significantly the ability of the technique in determining important ionospheric parameters, such as TEC and N m F 2 .
It is also important to remark some relevant aspects of the effects of satellite-to-Earth measurement geometry on ionospheric tomography technique. For example, as GPS satellites are high in altitude, an excess TEC from plasmaspheric origin may affect the reconstruction electron density. This may occur drastically during storm-time period when reproductions of short-term variabilities are desired. It is rather difficult to represent the behavior of the ionosphere above the top height because only average conditions are reproduced into the tomographic algorithm by the ionospheric model (Materassi et al., 2003) . Thus such averaging, in turn, tended to minimize here the effects of the plasmasphere on the ionospheric reconstruction results. In another case, whether the number of satellite-to-receiver ray paths reduces to a situation that only high elevation satellite signals are detected, the reconstructed electron density may become poorly defined, even with the use of a set of vertical orthonormal functions. To overcome this, an assessment of quality of the electron density reconstructions was applied as suggested by Materassi and Mitchell (2005a) and used to eliminate from the analysis the days or period of time with large percentage error in mean N m F 2 density.
Comparison of the IRI-2007 with the ionosonde-derived and GPS-reconstructed N m F 2 in different seasons shows that, at equatorial latitudes, the averaged seasonally N m F 2 in daytime is underestimated in relation to the GPS-derived reconstructions, whereas in respect to the ionosonde measurements the deviations are comparatively low. Regarding the low latitude station of CP (at near EIA crest) IRI model underestimated N m F 2 , in comparison with the ionosonde-derived values, in nighttime during the equinox and December solstice months. Whereas with respect to the GPS-derived N m F 2 the largest deviations occurred in daytime when the IRI model F 2 -peak densities are overestimated during June solstice months and underestimated during December solstice months. Therefore, these observations suggests that depending on local time and season, IRI model can yet not predict accurately the regional variation of the ionosphere above Brazil, and the GPS-data combined with other local ionospheric data would enhance the accuracy of MIDAS in estimating ionospheric parameters and structural peculiarities of the ionosphere at equatorial anomaly region. receiver data. Cathryn Mitchell acknowledges support from the Royal Society and the UK EPSRC. The authors would also like to thank Maria G. de Aquino for ionosonde data treatment.
